Summary A transient urinary acidification was induced in the bullfrog proximal tubule by the peritubular administration of ouabain (10-4 M). Insulin (200 mIU/ml) provoked a prolonged decrease of tubular fluid pH (TFpH), whereas dibutyryl cyclic AMP (l0-4 M) produced a transient increase of TFpH. The above data support the view that the urinary acidification in the proximal tubule is not explained by a simple mechanism, such as Na + /H + exchange.
It has been well documented that acidification of proximal tubular fluids (TF) is mediated by Nat/H+ exchange across the brush border membrane. The recent advance in micropuncture techniques of ion-selective microelectrodes has made it possible to measure the intra-and extra-cellular ion activities, examining the movement of Na + and H + across the brush border membrane (BORON and BoULPAEP, 1983; SAsAKI et al., 1985) . In the previous in vitro studies, it was shown that Na + /H + exchange was inhibited by cyclic AMP (cAMP) in the brush border vesicle from proximal tubular cells of rat kidney (KAHN et al., 1985) , or stimulated by insulin in primary cultures of proximal tubular cells (FINE et al., 1985) . Recently in our laboratory, we found a specific binding of insulin to the bullfrog kidney mass and homogenate (unpublished observation). From these findings, it would also be expected in vivo that the pH of TF (TFpH) in the proximal tubule should change after insulin or cAMP administration. However, no in situ observation has been made so far on the time course of changes in TFpH with pH microelectrodes during cAMP or insulin application. In the present study, we conducted several experiments in the proximal tubule of perfused bullfrog kidney, examining the changes of TFpH after administration of insulin (Isuzilin-40, Shimizu Co.), ouabain (Nakarai Chem.), and dibutyryl cyclic AMP (db-cAMP) (Sigma Chem.).
Young male bullfrogs, weighing 100-150 g, were anesthetized by 3°c, urethane for 15 min and both kidneys exposed from the ventral surface. The luminal and peritubular surfaces of the tubule cells were separately perfused with artificial solutions, (hence, this technique is referred to as "double-perfusion technique"; KUBOTA et al., 1980) . The composition of perfusates (in mM) used was: NaCI, 100; KCI, 3.5; CaCl2, 1.8; MgCl2, 0.5; NaH2PO4, 1.5; NaHCO3, 15; glucose, 5; alanine, 0.5; glycine, 1.0; polyvinylpyrrolidone (PVP), 20 g/l; heparin, 2,000 U/l, Pco2 11 mmHg, pH 7.6-7.7. Low Na+ solution was prepared by replacing NaCI and NaHCO3 with 100 mM choline-Cl and 15 mM choline-HCO3, respectively. The pH of all the experimental perfusates containing db-cAMP, insulin, ouabain, amiloride, or low Na+ was also adjusted to the above pH range (by titrating with a minute amount of 0.1 N HC1 of 0.1 N NaOH). Double-barreled H+-selective microelectrodes, similar to those originally described by FUJIM0T0 and KUBOTA (1976) , and modified by FUJIMOTO and M0RIM0T0 (1986) were used in these experiments. Briefly, a double-barreled microelectrode was prepared by pulling two capillaries (1 mm o.d., 0.5 mm i.d.), each containing a solid glass fiber. One barrel of a doublebarreled micropipette was filled with acetone from the shank (reference barrel). The microelectrode tip assembly of both the ion-selective barrel and reference barrel was then dipped into diluted siliconizing solution (0.5% Dow Corning 1 107 fluid dissolved in acetone) for 10-20 s and baked on a hot plate at 300°C for 30 min. A minute volume of H+-selevtive liquid ion exchanger (WPI, IE-O10) was injected into the shank of the siliconized barrel (ion-selective). After the resin had filled the tip, the back of this barrel was filled with 100 mM NaCI, 30 mM Na2HPO4, 20 mM KH2PO4 solution. The reference barrel was filled with 0.5 M KCI. The criteria for the microelectrodes employed were: 1) the response more than 95 % within 10 s to a step change in different pH solutions; 2) the slope of pH response more than 50 mV/pH; and 3) the tip potential less than 5 mV. All electrical potentials were referenced to the ground, which was connected to an Ag-AgCI half-cell filled with saturated KCI and contacted to the peritoneal cavity through a 3 M KCl-agar bridge. The electrometer used was a high input impedance (1015 SI) differential electrometer (FD 233, WPI). Statistical analyses were carried out according to Student's t-test and the numerical data were expressed as mean ± S.D., unless otherwise stated.
In an attempt to inhibit the luminal acidification mechanism mediated by Na+/H+ exchange process, we carried out some experiments in which Na+ concentration in luminal perfusate was lowered to 0.5 mM for a few minutes, or 10 -3 M amiloride was added to the luminal perfusate. The TFpH values of the late proximal tubules collected from a total of 17 successful impalements were summarized in Table 1 . In control conditions, the blood pH was 7.66 and TFpH 7.46, the difference between the two being 0.20 at 21 °C. By lowering intraluminal Na+ concentration, TFpH was raised to 7.63 (the transtubular difference was 0.02),
indicating that proximal acidification was blocked by about 90%. In a similar fashion, 10-3 M amiloride, added to the luminal perfusate, produced an alkalinization of TFpH to 7.60, which corresponded to the inhibition of proximal acidification by about 65%. These results suggest that the Na + /H + exchange process is operating in the proximal tubular acidification. Figure 1 shows an actual trace in one of our microelectrode experiments, in which 10-4 M db-cAMP and 10-4 M ouabain were administered from the pentubular side. When inserting the pH-microelectrode into the lumen of proximal tubule, a first abrupt change appeared in the peritubular membrane potential (EM), followed by a low voltage of transepithelial potential (ETT) and TFpH. After steady state levels were reached (ETT, -2 mV and TFpH, 7.46 in this recording), 104M dbcAMP was administered from the peritubular side. The TFpH was transiently increased (peak dTFPH =0.2) for 30s and then recovered slowly to the control level.
Similar experiments, in which db-cAMP in 10-4 M was used, provided the data of TFpH to be 7.60 + 0.06 (n = 5), the value being almost the same pH of the original glomerular perfusate, 7.65 + 0.02 (n = 4). It is clear that the luminal acidification was inhibited by db-cAMP especially in initial alkalinizing phase of TFpH. Peritubular perfusion of 10-4 M ouabain for 1 min transiently lowered the TFPH. The maximum acidification was about 0.25 pH below the control level for about 15 s, being followed by a recovery of TFPH to the control level, as shown in Fig, 1 . A second administration of 10-4 M ouabain, restarted from 5 min later, again resulted in a similar change in TFpH. The same experiments were conducted in 4 different animals, the average values for maximum TFPH change after ouabain being 0.22 pH below the level of control values.
In the next series of experiments, in which effects of insulin and ouabain on TFPH were examined, we observed similar transient changes, as shown in Fig. 2 . Insulin was used as an H + transport stimulator, because this hormone was demonstrated to accelerate Na+/H+ exchange in cultured proximal tubule cells (FINE et al., 1985) and, in more general terms, in plasma membrane (MooRE et al., 1982) . When perfused with 200 mIU/ml (1.4 x 1O_6 M) insulin from the peritubular side, TFpH was decreased by about 0.15. In this particular experiment, the effect of ouabain was also observed. Although ouabain administration produced a transient decrease of TFpH, insulin again caused a decrease of TFpH following ouabain treatment, as shown in Fig. 2 . The mean value of TFpH collected from 5 insulin experiments was 7.39± 0 .04 after insulin administration in contrast to 7.56 + 0.02, the control value without insulin.
In Fig. 2 , the patterns of the changes in TFpH elicited by insulin were different from those by ouabain, the former being nontransient during perfusion, the latter being transient, as pointed out already in Fig. 1 . A slight difference, if any, of patterns in the insulin-induced TFpH changes between pre-and post-ouabain treatment would be due to same changes of H + metabolism after ouabain administration. In this particular experiment, ETT was not reduced to 0 mV during ouabain perfusion. The poor response in transtubular potential to the peritubular ouabain might be a result of tip potential of our double-barreled pHmicroelectrode, because in the other experiments, those were lowered near 0 mV during ouabain administrations. In the present study of bullfrog kidney, the proximal tubular acidification was shown to occur in association with a cellular entry of Na+ from the lumen and it was modified by several humoral agents, which would probably affect the cell metabolism. In urinary acidification, at least two different mechanisms are involved across the brush membrane of proximal tubule (MURER et al., 1981) , namely, Natdependent and Na+-independent H+ secretions. The former is concerned with the Na +/H + exchange process, in which proton can be driven from the cell into the lumen by the electrochemical driving force of Na+ accross the brush border, whereas the latter is an ATP-driven proton translocation. The third mechanism, if any, could be that involving an anion exchange, such as Cl -/HC03 -across the luminal border. However, in our experience of bullfrog kidney, an anion transport inhibitor, disulfonic stilbene (SITS), had no effect when given in 10-4 M from the luminal side (FUJIMOTO and MORIMOTO, 1986) . Therefore, so far as the proximal acidification is concerned, any augmentation of Cl 7HC03 -exchange mechanism Fig. 2 . Effects of insulin and ouabain on the tubular fluid pH and transtubular potential difference in the bullfrog proximal tubule. Peritubular administration of insulin (200 mIU/ml for 1-2 min) or ouabain (10 _4 M for 1 min) produced decreases in TFPH. Note a difference of the patterns of pH change by insulin and ouabain: i.e., ouabain produced a more rapid transient of luminal acidification followed by a rapid onset of recovery during the administration period, whereas insulin produced a sustained acidification during the administration period.
T. KUBOTA, N. HAGIWARA, A. INOUE, and M. FUJIMOTO is less likely. In this study, the postulated Na+/H+ exchange process was inferred to occur in the luminal side of the epithelium from the data of Table 1 . However, although a transient change, a paradoxical acidification was also observed in ouabain experiment. Since ouabain is known to cause a rapid depolarization and cell Na+ retention (INOUE et al., 1988) , it would reduce the driving force for cellular Na+ entry required for the urinary proton secretion. In this regard, MATSUMURA et al. (1985) , who carried out in vivo slow perfusion study with 10-4-10-5 M ouabaincontaining Ringer solution in the bullfrog proximal tubule, reported that the peritubular administration of ouabain produced an initial fall of the TFpH followed by a later rise of TFpH with a concomitant decrease of intracellular pH. If ouabain causes in effect a steady change of both TF alkalinization and cell acidification, as predicted from the blockade of Nat/H+ exchange, this cannot explain the initial rapid TFpH transient, as observed in Fig. 1 . Rather, the transient changes might result from some changes of H + secretory activity of the cell or a mechanism other than Na+/H+ exchange of the brush border membrane. It would be possible that the above transient fall in TFpH would probably be produced by an unknown mechanism including exocytosis of the contents of intracellular vesicles into the lumen, triggered by the peritubular administration of ouabain. Although it is not clear, a depolarization and a rise of cellular Cat +, as induced by ouabain, might be the effective stimulus for the exocytosis, resulting in a transient luminal acidification.
We also found that db-cAMP produced a TF alkalinization and insulin a TF acidification in the bullfrog proximal tubule (Figs. 1 and 2) . Unlike in the distal tubule, an increase of intracellular cAMP in the proximal tubule is known to decrease Na+ reabsorption. Recently, HAGIWARA et al. (1987) and FUJIMOTO et al. (1988) reported that the peritubular administration of 10 _ 4 M db-cAMP in the bullfrog proximal tubule produced a hyperpolarization of 6 to 15 mV and a rise of cytosol pH by about 0.1 within 1 min, followed by a gradual decrease in cell Na + activity from 15 to 10 mM for several min after the onset of db-cAMP administration. If cAMP would partially restrict the cellular entry of Na + from the lumen, then this would lead to a luminal alkalinization, as was observed in Fig, 1 , as a result of the blockade of the Na+/H+ exchange process. But, under this circumstance, the decrease of cell Na+ was only slight and the cytosol pH became alkaline rather than acidic. FUJIMOTO et al. (1987) , who used fluorescent H + probes in the proximal tubular cells, reported that intravesicular accumulation of H + in the proximal cells was stimulated with db-cAMP administration. This indicates that an acid compartment exists within the cell interior of the proximal tubule. Further, insulin, which produces a steady acidification of TF, can effectively dissipate this vesicular accumulation of H +, bringing cytosol initially to acidic and finally to alkaline with urinary excretion of H + . SABOLIC et al. (1985) reported an ATPdependent H + transport system in the vesicle obtained from rat proximal tubules. Thus, contrary to previous expectation, the proximal tubular H + transport 
